NPAS3 is a developmentally important transcription factor that has been associated with psychiatric illness. Our aim is to better define the regulation of NPAS3 mRNA (messenger RNA) levels during normal human prefrontal cortical development and in schizophrenia. Utilizing postmortem tissue from 134 human brains, we assessed: 60 normal brains ranging in age from birth to adulthood, 37 chronic individuals with schizophrenia, and 37 matched controls. mRNA and micro-RNA (miRNA) expressions were measured by microarray and quantitative real-time PCR. Protein expression was measured by Western blotting. During human postnatal cortical development (neonate to adult), we found decreased NPAS3 mRNAyetincreasedNPAS3proteinexpression,suggestingthe involvement of posttranscriptional regulation. Through screening, we identified one NPAS-targeted miRNA (miR-17) that changed in a pattern consistent with the developmental regulation of NPAS3. Using luciferase reporter assays, we assessed the impact of miR-17 on NPAS3 translation and demonstrated that miR-17 alters NPAS3 biosynthesis by binding to the NPAS3 3#untranslated region (UTR). In schizophrenia prefrontal cortex, we found significant elevations in miR-17 expression. While NPAS3 mRNA was unaltered, reduced NPAS3 protein expression was detected in a subpopulation of people with schizophrenia. The reciprocal expression of NPAS3 mRNA and protein during postnatal development mediated by a schizophrenia-associated change in miR-17 suggests that there is complex control over NPAS3 synthesis in the human prefrontal cortex and that if NPAS3 is dysregulated in schizophrenia, it is not evident by large changes in NPAS3 expression. Further studies into
Introduction
Neuronal Per-Arnt-Sim (PAS) domain protein 3 (NPAS3), a brain-enriched transcription factor belonging to the basic helix-loop-helix (bHLH)-PAS domain family, was found to be associated with mental illness through a reciprocal balanced translocation between chromosomes 9 and 14 in a family with schizophrenia and mental retardation. 1 The NPAS3 gene contains 11 exons encoding 3 functional domains: a DNA binding, a dimerization, and a transactivation domain. 2, 3 NPAS3 is located in a schizophrenia susceptibility locus (chr 14q13) previously identified by linkage [4] [5] [6] and association studies, including a genomewide association study, found multiple NPAS3 single nucleotide polymorphisms and mental illness risk haplotypes. 7, 8 The translocation found in schizophrenia was predicted to generate a truncated NPAS3 protein retaining DNA binding activity but lacking the dimerization and transactivation domains, suggesting a loss-of-function model as one mechanism by which genetic variation in NPAS3 increases risk for mental illness.
In support of the loss of NPAS3 function in schizophrenia, mouse knockout models for NPAS3 and related protein NPAS1 phenocopy some aspects of schizophrenia: hyperlocomotion, memory problems, reduced prepulse inhibition, reduced corpus callosum and hippocampal volume, and enlarged ventricles. [9] [10] [11] On the cellular level, mice possessing the NPAS3 À/À genotype showed substantial reductions in the glycoprotein reelin in cortical gamma aminobutyric acid (GABA)ergic interneurons throughout the central nervous system. 11 Reductions in cortical reelin mRNA (messenger RNA) and protein have been found in people with schizophrenia. 12, 13 In adult mice, NPAS3 protein is colocalized with GAD67/reelin positive neurons, 11 the cortical neurons that exhibit the most consistent pathology in schizophrenia. [12] [13] [14] [15] To better define the role of NPAS3 in schizophrenia, a neurodevelopmental disease, it is important to determine how NPAS3 expression may change during normal human cortical development. From work in the mouse, we expected cortical NPAS3 mRNA to be detected early in postnatal life, 16 and subsequent expression decreases coordinate with the late maturation of cortical inhibitory interneurons in humans.
14 Indeed, we found brain NPAS3 transcript levels were high at birth and declined to steady-state adult levels by the second decade of life. Strikingly, NPAS3 protein showed a reverse relationship with age-increasing during cortical development. In schizophrenia, we expected a loss-of-function of NPAS3 and detected a significant reduction of NPAS3 protein in female cases, although no change in NPAS3 mRNA or protein was observed in the total cohort. We hypothesized that these discrepancies between NPAS3 transcript and protein levels may be due to posttranscriptional regulation. Consistent with this hypothesis, we identified a schizophrenia-associated microRNA (miRNA), miR-17, with the capacity and cortical trajectory to target the NPAS3 transcript during development. Our findings indicate that NPAS3 protein levels may be regulated by miRNA silencing during cortical development and that increased expression of miR-17 may play a role in disrupting the developmental regulation of NPAS3 in schizophrenia. 
Methods

Cohorts
Microarrays
Gene Expression. The microarray protocol has been published. 18, 19 Gene expression profiling was carried out using HG-U133 version 2.0þ (GeneChips, Affymetrix). Affymetrix Microarray Suite (MAS 5.0) was used for image processing and data acquisition. The Bioconductor package was used to compute normalized expression values from the Affymetrix.cel files.
miRNA Expression
MiRNA expression profiling using the commercial array platform developed by Illumina Inc. was conducted. Data were normalized to the geometric mean of U24 and U49 small nucleolar RNA expression (gene expression stability confirmed by geNorm). 20 Differential expression was identified using Significance Analysis of Microarrays as previously described. 21 
RNA Extraction and cDNA Synthesis
Total RNA was extracted from ;300 mg of frozen tissue using TRIZOL Reagent (Invitrogen) and assayed for quality (RIN) as described. 22 Three aliquots of 3 lg RNA were reverse transcribed to synthesize cDNA by random hexamer priming using the SuperScript FirstStrand Synthesis System (Invitrogen) according to the manufacturer's protocol, pooled, and diluted for qPCR.
Quantitative Real-Time PCR NPAS3 mRNA levels were measured by Taqman qPCR using an ABI Prism 7900HT Fast Real-Time PCR System (384-well format) as previously described. 19 The housekeeping genes (n = 4) used to calculate the geometric means used for normalization were as described. 17, 19 NPAS3 mRNA (Cat#hs00223201_m1; Applied Biosystems) was measured using 90 ng (due to low NPAS3 expression) of cDNA/sample in triplicate with an 8-point standard curve (serial dilutions of pooled cDNA from all cases) under standard cycling conditions. 19 Several no template controls were included, producing no signal. PCR data was obtained with the Sequence Detector Software (SDS version 2.0, Applied Biosystems) using real-time fluorescence intensity. The threshold was set within the linear phase of the amplifications. The housekeeping genes or geometric means did not vary significantly between the groups.
Riboprobe Synthesis and In Situ Hybridization
For construction of plasmids for riboprobe synthesis, NPAS3 was amplified from cDNA using the following primers:
NPAS3 Forward: 5#-GATACAGTCCAGTGCCAC-CA -3#; NPAS3 Reverse: 5#-CGTGAGTGACTCGCAGTT-CT -3#. A 508 bp PCR product corresponding to exons 10-12 of NPAS3 mRNA (accession#NM_001164749) was generated. Clones were constructed by ligating PCR products into pCR2.1-TOPO (Invitrogen) according to the manufacturer's instructions and were verified by sequencing. In situ hybridization of NPAS3 mRNA was performed as previously described 18,23 using 14 lm fresh frozen DLPFC. Hybridized sections were exposed to autoradiographic film (BioMax film, Kodak) for 42 days. Images were scanned at 1200 dpi using a CanoScan N676U.
Western Blotting
Protein extraction and Western blotting were conducted as previously described. 18 The same amount of protein (40 lg) per sample was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 4%-12% Bis-Tris gradient gels (BioRad). NPAS3 antibody was purchased from Abcam (diluted 1:100, incubated for three days at 4°C; Cat#ab59190). b-actin (Chemicon International; Cat#MAB1501) was probed as a protein loading control. Bands were visualized using autoradiographic film and quantified by densitometry using Quantity One 1-D Analysis Software v4.6.5 (BioRad).
Cell Culture
All cell lines were obtained from the American Type Culture Collection and grown at 37°C in a 5% CO 2 atmosphere. HEK293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% (vol/ vol) FBS, 2 mM L-glutamine, 20 mM HEPES, and 0.15% sodium bicarbonate (Gibco-BRL). SHSY5Y cells were cultured in Roswell Park Memorial Institute medium (RPMI) containing 10% (vol/vol) FBS, and glutamax (2 mM) (Gibco-BRL). For experiments, SHSY5Y cells were differentiated by addition of all-trans retinoic acid (10 lM) to the culture medium and incubated for 9 days.
Luciferase Plasmid Constructs
The plasmid pGL3-SV40-NPAS3-3# untranslated region (UTR) was constructed by amplifying the entire 648 bp 3#UTR of the human NPAS3 transcript (accession#NM_001164749) from SHSY5Y cDNA using KOD Hot Start DNA Polymerase (Novagen). Primers were NPAS3F1: AAGGAGGACTGAGGCGCC; NPAS3F2: TCTAGAAAGGAGGACTGAG (contains an XbaI restriction site); and NPAS3R: TTTTTTTTTTTTAAACATTCTAGTC. PCR products were separated by agarose gel electrophoresis and the NPAS3 3#UTR band was excised, purified, and ligated into pCR2.1-TOPO (Invitrogen). Positive clones were screened and verified by sequencing. Clones containing the NPAS3 3#UTR insert were then digested with XbaI and ligated into pGL3-SV40. The miRNA binding sequence containing the putative miR-17 binding site was cloned into pMIR-REPORT (Ambion) as previously described. 24 A mutant construct was also created, which contained a 3 base-pair substitution within the miRNA seed-pairing region. Positive clones were screened and verified by sequencing.
Luciferase Reporter Assay
Cells were seeded (day 1) in 48-well plates (2 3 10 5 cells/ well for HEK293 and SHSY5Y). For SHSY5Y, cells were differentiated 9 days prior. On day 2, cells were cotransfected with pGL3-SV40-NPAS3-3#UTR (125 ng/well) and miRNAs/anti-miRs (miR-17, scrambled miRNA control, anti-miR-17, anti-miR control) for 24 hours using Lipofectamine 2000 (0.5 ll/well) or Lipofectamine 2000 combined with magnetofection (0.2 ll/well; 20 min on magnet) (Chemicell) for SHSY5Y. For HEK293 cells, pMIR-REPORT-NPAS3 (wild-type or mutant constructs) and miRNAs/anti-miRs were cotransfected using Lipofectamine 2000. The pRL-TK Renilla internal control plasmid (Promega) (12.5 ng/ well) was cotransfected for normalization of the firefly luciferase signal and to control for transfection efficiency. On day 3, cells were harvested and luciferase assays were performed using the Dual Luciferase Assay Reporter System (Promega) according to the manufacturer's instructions in a FluorStar OPTIMA (BMG). Results (normalized to the Renilla control) were expressed as relative fold-change in luciferase activity relative to the empty vector vehicle-treated control conditions. All assays were conducted with no less than 3 independent experiments and with replicate cultures.
Statistical Analysis
Statistical analyses were conducted using Statistica 7.1 (StatSoft Inc., 2006 STATISTICA for Windows). Tests for normality and homogeneity of variance were conducted. Two-tailed or one-tailed unpaired Student's t tests were used to assess changes in luciferase reporter expression. One-way ANOVA was used to assess changes in the developmental cohort. Pearson-Product Moment correlations were run to compare cohort characteristics and normalized NPAS3 mRNA expression. Where a relationship existed in the whole group, ANCOVA was calculated. Two-way ANOVA/ANCOVAs were used to assess the diagnostic effects, gender, and/or gender 3 diagnosis interactions on NPAS3 expression in the 2 cohorts. ANOVAs/ANCOVAs with P < .05 significance were followed-up by Fisher least significant difference post hoc analysis to assess group differences. QPCR measurement outliers were excluded based on established criteria 17 using the triplicates obtained from the qPCR raw data (Developmental cohort: NPAS3: none removed; Schizophrenia cohort: NPAS3: none removed). For all assays, population outliers were excluded from subsequent analyses if cases were greater than 2 SDs from the mean for the group of interest (Developmental cohort: NPAS3: 1-2 cases per group; Schizophrenia cohort: NPAS3: 2 controls and 2 schizophrenics removed; miR-17: 1 control and 2 schizophrenics removed).
Results
NPAS3 mRNA During Postnatal Human Prefrontal Cortex Development
Microarray analysis of neonates, infants, toddlers, schoolage children, teenagers, young adults, and adults revealed an age-dependent decline in NPAS3 mRNA expression during the first decade of life (one-way ANOVA P = .0003; regression r = .53, P = .0002) in both males and females ( figure 1A) . By qPCR, we confirmed that NPAS3 mRNA levels were highest in the neonatal period and decreased significantly during infancy (ANCOVA: F = 5.80, df = 6, 59, P < .00001) (P = .02) and toddlerhood (P = .0004) to maximal reduction at school age (P = .000004) (figure 1B). NPAS3 mRNA expression remained constant into adulthood (adolescent, young adult, and adult compared with school age: all P > .36). We found that NPAS3 mRNA levels correlated with pH (r = �.38, P = .003).
By in situ hybridization, we detected NPAS3 mRNA throughout development in all cortical layers, with robust NPAS3 mRNA hybridization signal in cortical layers II and IV early in life ( figure 1C) . Qualitatively, NPAS3 mRNA expression appeared highest in neonates and declined in the infants and further in toddlers with low level of expression evident in school age children consistent with microarray and qPCR results.
NPAS3 Protein Changes During Postnatal Human Prefrontal Cortex Development
By Western blot analysis (figure 2), we detected an unexpected increase in NPAS3 protein expression during the first decade of life (F = 2.95, df = 6, 53, P = .02) where expression was lowest in neonates and increased significantly in toddlers (P = .005) to reach maximum expression during school age (P = .0006). Thereafter, NPAS3 protein levels decreased significantly (school age compared to young adults: P = .03) and then remained constant into adulthood. NPAS3 protein levels were not correlated with the cohort characteristics that may influence postmortem protein expression (pH: r = �.102, P = .40; PMI: r = .087, P = .48).
MiRNA Changes During Postnatal Human Prefrontal Cortex Development
We predicted that the discrepancy between NPAS3 mRNA and protein levels in the first decade of life might be due to differences in posttranscriptional regulation via miRNA that would decrease over the same time course as the primary NPAS3 transcript. Using the miRNA target prediction algorithms Pictar (http://pictar.mdc-berlin.de/) and TargetScan (http://www.targetscan.org/), we conducted a screen for miRNAs that could target the NPAS3 gene and found 39 potential miRNA candidates (see online supplementary material for table S2). Within this group, microarray analysis of miRNAs (data not shown) identified 24 miRNAs that changed significantly across postnatal brain development, but only miR-17 displayed an inverse expression pattern consistent with the developmental regulation of NPAS3 protein.
ANCOVA analysis of miR-17 expression covarying for both pH and RIN (pH: r = �.51, P = .00004; RIN: r = �.27, P = .04) showed that the expression pattern of miR-17 paralleled the developmental decrease in NPAS3 mRNA levels (F = 2.95, df = 6, 50, P = .02) ( figure  3A) . MiR-17 expression was highest in neonates but then decreased in an age-dependent manner in the infants to reach a plateau in the toddlers where expression levels were maintained into adulthood (neonate, toddlers P < .0002; infant, toddlers P = .01; neonate, adults P = .001). These findings suggest that miR-17 may directly regulate NPAS3 expression and we suggest this could lead to an increase in NPAS3 mRNA turnover and decreased NPAS3 protein synthesis.
miR-17 Regulation of NPAS3 mRNA
From the target prediction algorithms, we identified a putative miR-17 binding site in the NPAS3 3#UTR and determined whether miR-17 can target the 3#UTR of the NPAS3 transcript (figure 3B). We cotransfected SHSY5Y cells with miR-17 and either a luciferase reporter construct containing the NPAS3 3#UTR or an empty vector (luciferase reporter construct without the NPAS3 3#UTR). We The 100-kDa NPAS3 protein and b-actin were quantified by densitometry. NPAS3 expression was normalized to b-actin and presented as mean þ SEM. *P < .05, **P < .01, ***P < .005. y 90 kDa NPAS3 immunoreactive protein band.
observed a significant decrease in luciferase reporter activity from SHSY5Y cells transfected with miR-17 and constructs containing the NPAS3 3#UTR compared with cells transfected with miR-17 and the empty vector (t = �4.24, df = 4, P = .01) ( figure 3C ). In contrast, cotransfection of SHSY5Y cells with the NPAS3 3#UTR and anti-miR-17 significantly enhanced luciferase reporter activity compared with cells cotransfected with the empty vector and anti-miR-17 (t = 4.20, df = 4, P = .01).
We then focused more specifically on the putative miR-17 binding site in the NPAS3 3#UTR by cloning the miR-17 binding sequence into a luciferase reporter construct ( figure 3D) . A mutant form of this sequence (containing a 3 base-pair mutation in the miRNA seed sequence) was also cloned to determine the specificity of miR-17 binding to the putative binding sequence ( figure  3D ). Consistent with observations using the endogenous NPAS3 3#UTR in neuronal cells, we showed that miR-17 decreases luciferase reporter activity in cells transfected with constructs containing the wild-type miR-17 binding sequence in the luciferase 3#UTR (t = �8.04, df = 6, P = .0002) ( figure 3E ). Moreover, expression of anti-miR-17 showed the opposite effect by increasing luciferase reporter activity (t = 6.48, df = 6, P = .0006). Finally, miR-17 and anti-miR-17 did not alter luciferase reporter activity of the miRNA mutant constructs (all P > .36).
miR-17 mRNA Expression and NPAS3 mRNA and Protein Expression in the DLPFC of People With Schizophrenia
Using microarray analysis and qPCR, we did not detect a significant difference in NPAS3 mRNA in schizophrenia. Moreover, we did not find a significant main effect of gender or a diagnosis 3 gender interaction on NPAS3 mRNA expression between controls and schizophrenics. Two-way ANCOVA analyses were conducted (all F < 1.08, df = 1, 60, P > .30) covarying for demographic cohort characteristics (figure 4A) including age (r = .28, P = .02), pH (r = �.61, P < .000001), PMI (r = �.32, P = .006), RIN (r = �.42, P = .0003), brain weight (r = �.40, P = .0006), and agonal state (r = .24, P = .048).
We did not detect a significant main effect of diagnosis or gender on NPAS3 protein levels. Interestingly, a diagnosis 3gender interaction effect was observed for NPAS3 protein levels (F = 4.75, df = 1, 68, P = .03) (figure 4B). Females with schizophrenia showed a significant decrease in NPAS3 protein compared with control females (P = .03), whereas males showed no diagnostic change in NPAS3 protein expression (P = .58). NPAS3 protein did not correlate significantly with any of the cohort demographics (all P > .07).
Interestingly, NPAS3 expression was found to correlate significantly with the estimated last chlorpromazine-equivalent dose (NPAS3 mRNA [r = �.45, P = .006]; NPAS3 protein expression [r = .38, P = .02]). However, this clinical variable was not used in covariate analyses because it is applicable only to the schizophrenia group.
Despite the subtle and possibly gender-specific change in NPAS3 in schizophrenia, we detected a significant increase in miR-17 mRNA expression in our total cohort of individuals with schizophrenia compared with controls (F = 6.18, df = 1, 67, P = .02) (figure 4C). No significant main effects of gender or diagnosis 3 gender interaction were observed between controls and schizophrenics (all F < 0.04, df = 1, 67, P > .85) and no tested cohort demographics did correlated with miR-17 expression (all P � .25). Moreover, no significant correlations were observed between miR-17 expression and clinical variables (all P � .11). Since we found that miR-17 was increased in the prefrontal cortex of people with schizophrenia, we asked if other miR-17 mRNA targets would be reduced in adults with schizophrenia. By examining the publically available microarray data from the SMRI Website (https://www.stanleygenomics.org/index.html), we identified 18 putative miR-17 targets that were reduced in the brains of people with schizophrenia (see online supplementary material for table S3).
Discussion
To advance understanding of the putative role of NPAS3 in schizophrenia, we examined NPAS3 expression in the developing and schizophrenic brain.
NPAS3 mRNA and Protein Are Reciprocally Expressed During Development
We found a postnatal downregulation of NPAS3 mRNA and a postnatal upregulation of NPAS3 protein in the prefrontal cortex that occurred over a protracted 5-year period: from neonates to early adolescence. These reciprocal patterns of expression suggest the lack of a direct relationship between NPAS3 mRNA and NPAS3 protein levels in the developing human postnatal DLPFC and demonstrate that NPAS3 protein levels are not simply determined by the steady-state mRNA levels of the primary NPAS3 transcript. Posttranscriptional regulation of mRNA can be mediated by miRNAs and we confirmed, for the first time, that NPAS3 mRNA is a target of miRNA-mediated gene silencing.
A miRNA Is Capable of Regulating Human NPAS3 Levels
We identified a miR-17 binding site in the NPAS3 3#UTR and showed regulation of NPAS3 expression via miR-17 in vitro, indicating that miR-17 may regulate NPAS3 in human brain. The developmental profile of miR-17 was reciprocal to NPAS3 protein expression but mirrored the expression pattern observed for NPAS3 mRNA in the human DLPFC, suggesting that miR-17 is inhibiting translation of the NPAS3 transcript in vivo. This model is strongly supported by our experimental data demonstrating that miR-17 downregulates protein synthesis by targeting specific sites on the 3#UTR of NPAS3. Steady-state levels of NPAS3 transcription may be unchanged or elevated with respect to protein level in the developing cortex, due to the influence of homeostatic feedback attempting to support levels in the face of miRNA-induced restraint on translation.
Since the reciprocal regulation of NPAS3 mRNA and protein we detect occurs early in human life, the extent to which this mechanism is used in the adult human brain is unknown. Our data from people with schizophrenia suggest that NPAS3 may not be a primary target for miR-17 in the adult cortex. However, other genes that have been found to be reduced in the DLPFC in people with schizophrenia by previous microarray studies are miR-17 targets, consistent with the upregulation of miR-17 that we find in schizophrenia having widespread consequences on gene expression in adult human cortex.
NPAS3 Expression in Schizophrenia
The most robust change detected in the DLPFC of people with schizophrenia was a novel increase in miR-17, which would be consistent with increased degradation and turnover or translational suppression of target mRNAs including NPAS3 mRNA. However, we did not detect a significant change in NPAS3 mRNA in this schizophrenia cohort. It is important to note that our current cohort is composed of individuals in the young adult and adult age range. While we observed no overall change in NPAS3 mRNA in adults with schizophrenia, we do not know if NPAS3 expression is altered early in development in schizophrenia. Based on the developmental expression profile of NPAS3, the most robust changes took place between the neonate to school age period, yet if changes in NPAS3 mRNA were occurring early in development in people with schizophrenia, this would have been missed in our study. If NPAS3 synthesis and/or function were altered this early in the development, it could potentially lead to lasting changes in interneurons (or a subset of interneurons) without leading to lasting changes in NPAS3 levels in all people with schizophrenia. Our finding of decreased NPAS3 protein in females with schizophrenia may suggest that changes in NPAS3 expression may be found in subgroups of patients and is consistent with reduced translational ability of evidently stable levels of NPAS3 mRNA.
How Does NPAS3 Contribute to Understanding the Pathophysiology of Schizophrenia?
Despite only detecting decreased NPAS3 expression in a subset of schizophrenic individuals in our cohort, we know that NPAS3 knockout mice show reduced neurogenesis, abnormal brain pathology, GABAergic dysfunction, and altered metabolism-all features that are detected differentially in schizophrenia. 25 It is intriguing to consider that loss of NPAS3 function may be one among many putative causative factors upstream of the cortical pathology in schizophrenia, as is supported by genetic studies. Indeed, given the clinical heterogeneity of schizophrenia, one would expect that there are various causes underlying the disease. Thus, the closer we examine any putative single risk factor (in this case, NPAS3), the more likely it is that we will find changes in only a subset of individuals, as others afflicted will have distinct risk factors at work. Critically, these risk factors should have the ability to converge onto a common pathophysiology found in the disease as is the case for the developmentally regulated NPAS3 gene. Alternatively, the fact that we currently are only able to study adults with schizophrenia may have obscured our ability to identify critical developmental changes in NPAS3 levels that may be more widespread earlier in the disease course. This is especially relevant for genes/proteins that show increased prominence early on in human life and underscores the importance of using animals in modeling how developmental risk factors may contribute to schizophrenia pathogenesis.
NPAS3 in Relationship to GABAergic Interneuron Markers in Development and Schizophrenia
NPAS3 is expressed by GABAergic interneurons, in particular, NPAS3 colocalizes with calretinin-expressing and reelin-producing interneuron subtypes, 11 which we 26 and others find decreased in schizophrenia, 12 However, other studies using schizophrenia sample sizes of 5-15 brains have found no change in calretinin mRNA or cell density in the prefrontal cortex in schizophrenia. [27] [28] [29] Calretinin mRNA expression is most abundant in layer II, 27 and we found NPAS3 mRNA to be enriched in cortical layers II and IV. Furthermore, in the human DLPFC, calretinin mRNA levels are significantly elevated in the neonate and declined with increasing age, as seen with NPAS3 mRNA in our study. 14 This reduction of NPAS3 mRNA levels coincident with a developmental downregulation of calretinin mRNA may indicate coregulation of NPAS3 and calretinin within these inhibitory interneurons. Indeed, since NPAS3 functions as a transcription factor, it is likely to be playing a direct role in the regulation of other genes within cortical interneurons. Interestingly, the profile of NPAS3 protein is distinct from NPAS3 mRNA but similar to the mRNA expression profiles of both calbindin and vasoactive intestinal peptide, suggesting a role for NPAS3 in these interneuron subtypes.
14 Further study into the interneuron cell-type specific expression of NPAS3 may help to clarify the role of NPAS3 in interneuron pathology in schizophrenia. Additionally, colocalization of miR-17 and NPAS3 is needed to confirm that a direct regulatory mechanism between miR-17 and NPAS3 may be occurring in interneurons.
Summary
Our study is the first to detect developmental regulation of NPAS3 in the human cortex and to further support a role for NPAS3 in the pathophysiology of schizophrenia using evidence from the brains of people with schizophrenia. Furthermore, we demonstrate a novel regulatory mechanism by which NPAS3 mRNA and protein may be reciprocally regulated during postnatal development by miR-17, which targets the 3#UTR of the NPAS3 primary transcript to diminish gene product activity. In schizophrenia, we found significantly increased miR-17, gender-specific differences in NPAS3 protein, but no change in NPAS3 mRNA expression. Our study supports an NPAS3 hypofunction model of schizophrenia pathogenesis and suggests that further neurobiological work on NPAS3 is warranted to determine how it may be involved in the development of mental illness.
